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Summary
Planar cell polarity (PCP) is a common feature in many
epithelia, reflected in cellular organization within the
plane of an epithelium. In the Drosophila eye, Frizzled
(Fz)/PCP signaling induces cell-fate specification of
the R3/R4 photoreceptors through regulation of Notch
activation in R4. Except for Dl upregulation in R3, the
mechanism of how Fz/PCP signaling regulates Notch
in this context is not understood. We demonstrate
that the E3-ubiquitin ligase Neuralized (Neur), required
for Dl-N signaling, is asymmetrically expressed within
the R3/R4 pair. It is required in R3, where it is also
upregulated in a Fz/PCP-dependent manner. As is
the case for Dl, N activity in R4 further represses
neur expression, thus, reinforcing the asymmetry.
We demonstrate that Neur asymmetry is instructive
in correct R3/R4 specification. Our data indicate that
Fz/PCP-dependent Neur expression in R3 ensures
the proper directionality of Dl-N signaling during
R3/R4 specification.
Introduction
Epithelial cells are polarized perpendicular to the epithe-
lial plane, a feature called apical-basal polarity (reviewed
in Gibson and Perrimon, 2003). In addition, many epithe-
lia show a second axis of polarization within the plane of
the tissue, called planar cell polarity (PCP) (Adler, 2002;
Klein and Mlodzik, 2005).
In Drosophila, PCP is manifest in the orientation of
hairs on the cuticle or the arrangement of photorecep-
tors in the compound eye. Mutations in several con-
served genes perturb PCP generation in all tissues.
These core PCP factors include the transmembrane
(TM) receptor Frizzled (Fz), the cytoplasmic proteins Di-
shevelled (Dsh), Diego (Dgo), and the atypical cadherin
Flamingo (Fmi/also known as Stan) as positive regula-
tors of the Fz/PCP signaling. The four-pass TM protein
Strabismus (Stbm/also known as Vang) and the cyto-
plasmic protein Prickle (Pk) are thought to antagonize
Fz/PCP signaling (reviewed in Adler, 2002; Klein and
Mlodzik, 2005; and Strutt and Strutt, 2005).
In the Drosophila eye, ommatidia (or facets) differenti-
ate as two chiral forms, one in the dorsal and one in the
ventral half, creating a line of mirror symmetry, the equa-
tor. The chiral forms can be distinguished by the specific
arrangement of the eight photoreceptors (R cells) in an
asymmetric trapezoid. Asymmetry is caused by the
*Correspondence: marek.mlodzik@mssm.edurelative positions of the R3 and R4 cells (Wolff and
Ready, 1993). PCP in the eye is specified in the third in-
star imaginal disc, in the five-cell precluster posterior to
the morphogenetic furrow. The precluster consists of
the R8, R2/R5, and R3/R4 precursors, the latter pair be-
ing critical for polarity specification (Fanto and Mlodzik,
1999; Tomlinson and Struhl, 1999; Zheng et al., 1995).
The precursor of the pair that is closer to the equator
(the D/V midline of the eye field) has higher Fz activity
and adopts the R3 fate, while the polar neighboring
cell becomes R4. Subsequently, the clusters rotate
90 to generate the final mirror-image arrangement
(Figure 1A) (reviewed in Mlodzik, 1999).
As a result of elevated Fz/PCP signaling in R3, the
Notch (N) ligand Delta (Dl) is upregulated in R3, signaling
to Notch in the R4 precursor, specifying it as R4 (Cooper
and Bray, 1999; Fanto and Mlodzik, 1999; Tomlinson and
Struhl, 1999). The initial Fz-mediated bias in Dl expression
is further amplified by N signaling itself resulting in a ro-
bust binary cell-fate decision (Cooper and Bray, 1999;
Fanto and Mlodzik, 1999; Tomlinson and Struhl, 1999).
N-mediated lateral specification of R4 is similar to
other N-dependent cell-fate decisions; i.e., during sen-
sory organ development the sensory organ precursor
(SOP) undergoes two asymmetric cell divisions to gener-
ate four cells that will form the chaeta. The first division
generates two different cells: the pIIa cell (outer cell
fate) and the pIIb cell (inner cell fate). N signaling regu-
lates the identity of these two cells as Dl in pIIb signals
to N in pIIa causing it to acquire the external fate (Posak-
ony, 1994). Although Dl and N are both initially expressed
in pIIa and pIIb, the asymmetric inheritance by pIIb of the
regulatory factors Neuralized (Neur), an activator of Dl,
and Numb, an N repressor, ensure the directionality of
the signal (Le Borgne and Schweisguth, 2003; Rhyu
et al., 1994).
Neur is a RING-finger E3-ubiquitin ligase that acts on
Dl and promotes its endocytosis (Lai et al., 2001; Pavlo-
poulos et al., 2001). In pIIb, Neur-mediated endocytosis
of Dl increases the ability of the latter to activate N in pIIa
by an unknown mechanism, though models involving
changes in N-Dl binding conditions or Dl recycling
have been proposed (reviewed in Le Borgne et al.,
2005a; Le Borgne and Schweisguth, 2003; Parks et al.,
2000; and Wang and Struhl, 2005).
As in SOP specification, during R3/R4 cell-fate speci-
fication, there is a directional N-signaling event based
on asymmetry created between two initially equivalent
cells. However, R3 and R4 do not have a clonal origin
(Tomlinson and Struhl, 1999), and hence this asymmetry
is dependent on positional cues rather than asymmetric
inheritance. We have investigated the role of neur in
generating a Dl-mediated directional signal from R3 to
R4. We demonstrate that neur is asymmetrically ex-
pressed in the R3/R4 pair and that this asymmetry is
necessary for proper R3/R4 specification. Our data indi-
cate that asymmetric upregulation of neur is dependent
on Fz/PCP signaling in R3 and suggest that multiple
Fz-dependent mechanisms ensure proper directionality
of Dl-N signaling during R3/R4 specification.
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(A) Schematic presentation of eye development. The morphogenetic furrow (blue line) moves from posterior to anterior, specifying R8 precur-
sors, and then R2/R5, R3/R4, R1/R6, and R7 are sequentially recruited to the precluster. At the five-cell precluster stage, Fz/PCP signaling takes
place in the R3/R4 pair, and clusters on either side of the equator (green line) initiate rotation in opposite directions, generating the mature om-
matidial orientation.
(B) Wild-type adult eye section with the two chiral forms, dorsal (blue) and ventral (red), being reflected at the equator.
(C–G) neur2 PCP eye phenotype. (C) Section of a neurIF65 mosaic eye (grown at 18C) marked by absence of pigment. Despite the severely
disturbed eye organization within the clone (green asterisks), PCP defects can be scored in mosaic ommatidia with normal photoreceptor com-
plement: examples of symmetrical ommatidia (yellow arrow) or a chirality flips (orange arrow) are marked. (D–G) High magnifications of mosaic
ommatidia; green arrows, wt ommatidia; black arrows, mosaic ommatidia with wt orientation; yellow arrows, symmetrical clusters; orange
arrows, ommatidia with flipped chirality. In the respective mosaic ommatidia, the R3 or R4 wt cells are marked with black arrowheads and
neur2 cells with yellow arrowheads. Note examples with wt R3 and mutant R4 (E and G) with wt orientation and clusters with mutant R3 and
wt R4 showing PCP defects (E and F).
(H–H00) neurIF65 third instar disc clones (18C; marked by absence of b-Gal; red). Neuronal marker Elav is in blue. md0.5 expression (green;
md0.5GAL4,UAS-GFP) is lost inside the clone (outlined in yellow [H0 and H00]). Note that mutant R4 precursors are able to activate md0.5 when
next to wt R3 precursor (arrowheads).
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neur Is Required for R3/R4 Specification
Previous reports have shown that neur is required for
N-dependent lateral inhibition in the eye, first in R8 and
then in outer photoreceptors (Figure 1B) (Lai and Rubin,
2001b). neur loss of function has also been shown to
cause eye PCP defects (Li and Baker, 2004), but no
detailed analyses have been performed. To determine
the PCP requirement of Neur, we analyzed mosaic
ommatidia, mutant in R3, R4, or both with a normal
photoreceptor complement allowing PCP assessment
(see Experimental Procedures).
We used two different neur alleles: neurA101, a hypo-
morphic allele (Boulianne et al., 1991), and neurIF65.
Although originally considered an amorphic allele our
results indicate that maximum expressivity of neurIF65 is
only achieved at 18C, making it a cold-sensitive allele.
At 18C, 45.7% of R3/R4 mosaic ommatidia (mutant in ei-
ther R3 or R4; n = 35, 12 individual eyes) showed strong
PCP defects: loss of asymmetry or reversed polarity (Fig-
ures1C–1Gand Table1) (rotationdefects werenot scored
as the retinal arrangement was severely disturbed in
mutant clones, and misrotated ommatidia were observed
regardless of their genotype). Due to the general disorder
inside the mutant clone, R3/R4 fates could not always be
unambiguously assigned, and thus these ommatidia
were mutant in one of the cells that occupy the R3/R4 po-
sition. Strikingly, among the R3/R4 mosaics that showed
wild-type orientation, 94.7% were mutant only in R4. As
the probability of occurrence of R3 mutant and R4 mutant
ommatidia is the same (50%), the under representation of
R3 mutant mosaic ommatidia with wild-type orientation
indicates that neur is required in R3 (Table 1). When
both R3 and R4 were mutant for neur (n = 12), 83.3% of
the ommatidia showed typical PCP defects. A similar
phenotypic distribution was observed in neurIF65 clones
induced at 25C, albeit weaker (Table 1).
Although the weaker allele neurA101 showed a photo-
receptor recruitment phenotype (Lai and Rubin, 2001b)
(our results), R3/R4-specific PCP defects were only mi-
nor (Table 1 and data not shown). We thus did not use
this allele in subsequent experiments.
To get further insight into neur function during R3/R4
fate specification, we analyzed neurIF65 clones in third
instar eye discs, with md0.5GAL4 (detected with UAS-
GFP; Experimental Procedures) to identify R3/R4 cells.
Under the control of the md0.5 enhancer, GAL4 protein
is first evenly expressed in R3 and R4 and then upregu-
lated in R4 in an N-dependent manner (Cooper and Bray,
1999; Gaengel and Mlodzik, 2003). Results were similar
at 18C and 25C (Figure 1H and data not shown):
md0.5GAL4 expression was lost inside neur mutant tis-
sue, indicating the failure to activate N in these cells,
which is also evident in the increased number of photo-
receptors (Lai and Rubin, 2001a). However, mutant R4
precursors located at the interface of mutant and wt
cells were still able to receive the Dl signal, suggesting
that Neur is only required in the signal-sending cell R3
(Figures 1H–1H00, arrowheads). These results and the
clonal analysis in adult eyes indicate that Neur is re-
quired in R3 for Dl to signal to N in R4.
Another E3-ubiquitin ligase that also regulates N li-
gand activity is mindbomb1 (mib1). mib1 is expressedubiquitously and thought to act in Neur-independent
N-signaling events (Lai et al., 2005; Le Borgne et al.,
2005b; Wang and Struhl, 2005). We analyzed mib1 re-
quirement during R3/R4 specification by using a variety
of assays and found no evidence for a mib1 requirement
in R3/R4 specification, although the previously de-
scribed small or no eye phenotype was observed
(Figure S1; see the Supplemental Data available with
this article online). Thus, our data indicate that Mib1 is
not required for R3/R4 specification.
neur Is Asymmetrically Expressed in R3/R4
While it was shown that Neur is expressed within and
posterior to the MF, detailed expression analysis within
the precluster was not performed (Lai et al., 2001). We
thus analyzed Neur expression in R3/R4 precursors.
Anti-Neur staining was first detected in R8, and its
subsequent expression was detected in all R-cell pre-
cursors as they are recruited into the cluster (Figure 2A)
(reflecting the role of Neur in lateral inhibition). It has
been suggested that Neur is associated with the inter-
nal side of the cell membrane (Pavlopoulos et al., 2001);
accordingly, we detected Neur partially colocalizing
with the apical membrane marker DE-cadherin
(Figure 2A and data not shown). Expression analysis
of Neur within R3/R4 in preclusters revealed that, in ad-
dition to the general R-cell expression, Neur is enriched
in R3 as compared to R4 (Figures 2A–2D and data not
shown).
Consistently, GFP expression under neurGAL4 control
(neur>GFP; Experimental Procedures) was enriched
in R3 (Figures 2E and 2F), resembling Neur protein
expression asymmetry (with a slight delay due to the
GAL4>GFP relay). These results indicate that Neur is en-
riched in R3 during PCP establishment and, importantly,
that this effect is regulated at the transcriptional level as
apparent in the neur>GFP experiment.
Fz/PCP Signaling Regulates neur Expression
in the R3/R4 Precursors
Asymmetry within the R3/R4 pair is generated via Fz/
PCP signaling. Hence, we investigated the relationship
between Fz signaling and neur expression. We analyzed
Neur expression in third instar eye discs from fzP21 larvae
with a-Neur antibody. Unlike in wild-type, where Neur is
enriched in R3, in most fzP21ommatidia, Neur expression
Table 1. Analysis of R3/R4 neur Mosaic Ommatidia
Genotype
R3 or R4 Mutant
Polarity
Defects
Wild-Type Orientation
nR3 Mutant R4 Mutant
neurIF65 18C (12 eyes) 45.7% 2.9% 51.4% 35
neurIF65 25C (12 eyes) 37.1% 10% 52.9% 70
neurA101 (26 eyes) 2.7% 45.9% 51.4% 146
The presumed wild-type orientation of mosaic ommatidial clusters
was inferred from their neighboring wild-type clusters. Note that fre-
quency of R3- or R4-mutant ommatidia with wild type orientation
should be 50% for an innocuous gene. As we observed a statistically
highly significant reduction in R3-mutant ommatidia with wild type
orientation (neurIF65 clones at 18C, p = 0.003; neurIF65 clones at
25C, p = 0.001; see Experimental Procedures), we conclude there
is a requirement of Neur in R3.
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(A–A00) WT third instar disc showing Neur (green) and DE-cadherin (magenta). Neur is detected in all R-cell precursors, reflecting neur function in
lateral inhibition. On top of this expression, most clusters show higher levels of Neur in R3 than in R4 (yellow arrowheads).
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addition, we observed a stochastic enrichment of Neur in
R3 or R4 (Figure 2D and Figure S2A). This suggests that in
the absence of PCP signaling, Neur expression reflects
only its requirement for lateral inhibition and does not
show the PCP specific R3 upregulation, with occasional
random enrichment in either cell of the pair. Similar de-
fects were observed in other Fz/PCP signaling mutants
(e.g.,dsh and stbm,pkmutant clones; see Supplemental
Data and Figure S2).
Next, we analyzed overexpression of fz in both cells of
the R3/R4 pair (sev-Fz; Experimental Procedures). In
a sev-fz background, 47.5% of the ommatidia showed
equal Neur expression levels in R3/R4 cells, and pre-
clusters with R3- or R4-enriched Neur expression were
found stochastically with an overall upregulation in the
R3/R4 pair (Figure 2D and not shown). This is consistent
with higher levels of Fz/PCP signaling in both cells of
the pair.
Next, we analyzed whether the differential neur ex-
pression in the R3/R4 pair is indeed due to Fz/PCP input
or to a subsequent Notch-signaling feedback loop. First,
we tested dshV26 clones at the onset of neur>GFP ex-
pression. In such clones, neur expression was delayed
and reduced in mutant cells (Figures 2G–2G00). More-
over, in many mosaic R3/R4 pairs, the dsh+ cell adopted
the high R3-specific neur expression (Figures 2G0 and
2G00; orange arrows). In sev-Fz clones (two copies of
sev-Fz, Experimental Procedures), early neur expres-
sion was elevated as compared to surrounding cells
(Figures 2H–2H00). neur expression was increased and
precocious as compared to wt cells, and mosaic R3/
R4 pairs showed higher neur expression in the cell
with two copies of sev-Fz (Figures 2H0 and 2H00, orange
arrows). In contrast, high Notch activation in both R3/
R4 cells (sev-NDecd, Experimental Procedures) caused
a reduction in the overall levels of neur but did not elim-
inate asymmetry, with most clusters showing higher
neur expression in R3 (Figure 2I–2I0, compare to
Figure 2E). Thus, Notch signaling only contributes in
a feedback loop by reducing neur expression in R4 (as
is the case with Dl) but does not affect the initial R3/R4
difference. Taken together, these data indicate that it
is Fz/PCP signaling that generates the asymmetry in
neur expression.Asymmetry in neur Expression Is Required
for Proper R3/R4 Fate Specification
We next assessed the role of asymmetric neur expres-
sion in the R3/R4 pair. Ectopic expression of Neur under
sevenlessGAL4 control (sev>neur; with high level expres-
sion in both R3/R4 cells during PCP specification)
caused PCP defects (Figure 3A) (>20% of ommatidia
[n = 596, four eyes] showed defects). neurGAL4-driven
neur under the same conditions showed no phenotype
(not shown), ruling out that simple overexpression
caused the defects. These data suggest that flat misex-
pression is causing the sev>neur PCP defects.
Clonal misexpression of Neur resulted in phenotypes
similar to sev>neur with typical PCP defects (Figures
3B and 3C) (Experimental Procedures). In third instar
discs, these clones showed misrotations and alterations
in the R4 enrichment of md0.5-lacZ and Fmi (Figure 3B
and not shown) (md0.5-lacZ behaves like md0.5GAL4 but
directing lacZ expression) (Cooper and Bray, 1999).
We next asked whether even Neur expression can res-
cue the neur LOF phenotype and generated neurIF65
clones that simultaneously expressed an actin>Neur
transgene (Experimental Procedures). Strikingly, while
the lateral inhibition function of Neur was largely res-
cued, most clusters displayed PCP defects (Figure 3D).
As actin-driven Neur levels can rescue the lateral inhibi-
tion phenotype, they should be high enough forneurPCP
function (according to results obtained in neurA101
clones, where the reduction in neur levels was enough
to cause lateral inhibition defects but not to cause strong
PCP phenotypes, suggesting that lower Neur levels are
sufficient for PCP function). This indicates that asymmet-
ric expression is essential and instructive for correct
R3/R4 specification (see Discussion).
These results suggest that neur is not only required in
R3, but it also has to be expressed at higher levels in R3
to ensure proper directionality of Dl-N signaling. Accord-
ingly, even expression of Neur in both R3/R4 precursors
causes PCP defects. This is also supported by the obser-
vation that Dl overexpression in R4 (viamd0.5Gal4) causes
only weak PCP/chirality defects (Table S1), suggesting
that high Neur levels in R3 override the increased levels
of Dl in R4. Similarly, md0.5Gal4,UAS-Neur is unable to
cause chirality defects. When Dl and Neur are coex-
pressed, a significantly stronger effect on R3/R4 fate(B and C) Two preclusters (B, row 3; C, row 4) at high magnification. Low Neur levels are detected in all precursors and high levels in R3 (Neur is
always higher in R3 and R4 than in other precursors). The cluster in (C) is more mature than the one in (B) and has higher Neur levels in R1/R6
precursors. Middle panels, cell outlines and monochrome anti-Neur staining. Bottom panels, a-DE-cad staining and R cells numbered.
(D) Quantification of Neur expression in WT discs versus fzP21 mutant, and sev-fz discs (clusters in rows 3–4 were scored). Average values of four
independent discs are shown (with SD). Number of ommatidia analyzed: WT, n = 70; fzP21, n = 90; sev-fz, n = 90. Neur enrichment in R3/R4 is not
biased in either mutant condition (statistical analysis: fzP21, p = 1; sev-fz, p = 0.85; Experimental Procedures), while it is strongly biased toward R3
(green bars) in WT (p = 2.1 3 1027; Experimental Procedures).
(E and F) neur expression in third instar discs detected with a neurGAL4 insertion (UAS-GFP, green); Elav (blue) and Boss (R8 marker, red) are also
shown as a Z projection of eight single optical slices. Initial even levels of neur in the R3/R4 pair become biased toward high R3-levels (E). Higher
magnification image (F) shows a clear difference in neur levels between R3 and R4.
(G–G00) Eye disc with dshV26 clones (marked by absence of bGal; red); neur>GFP (green and monochrome in [G00]) and anti-Elav (blue) are shown.
neur expression is reduced in dsh2 cells overall (example marked by yellow arrow), and in R3/R4 mosaics, the dsh+ cell adopts higher neur
expression typical of R3.
(H–H00) neur>GFP (green, monochrome in [H00]) in 23sev-Fz clones (marked by absence of bGal; red) during early stages of neur expression (anti-
Elav in blue). neur expression is increased in 23sev-Fz cells (compare to surrounding cells; some clusters with higher expression are marked by
yellow arrows), and mosaic R3/R4 pairs often have higher expression in the 23sev-Fz cell (orange arrows). Mutant tissue is outlined in yellow in
(G00) and (H00).
(I and I0) neur>GFP in R3/R4 pairs with indiscriminate Notch activation in both R3/R4 cells (sev-NDecd). Differential neur expression is present in
most clusters similar to WT (overall expression level is reduced).
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(A) Section of a sevGAL4,UAS-neur eye with flat neur expression in R3/R4 cells (at 29C); schematic on the right. Many ommatidia show PCP de-
fects (black and red arrows show respective chiral forms [see Figure 1B for WT]; green arrows, symmetrical clusters; black dots, unscorable
ommatidia).
(B–C) Neur expression Flp-out clones (actin>Neur; marked by GFP, green) in third instar discs: Elav (blue) and md0.5-Z are shown (red; mono-
chrome in [B00]). In WT clusters,md0.5-Z expression is detected only in R4 (white arrowheads) (Cooper and Bray, 1999). Flat neur expression in the
R3/R4 pair can cause loss ofmd0.5-Z expression in R4 (orange arrowhead). Similar to adult eyes (C), we also detected misrotated clusters (green
arrowhead). (C) Adult eye with an actin>Neur clone (at 29C; marked by absence of pigment; Experimental Procedures) with schematic on right.
Misrotated and symmetrical (green arrows) ommatidia are present in the clone.
(D) Flat Neur expression does not rescue its PCP function: section of neurIF65, act>Neur eye clone (at 29C), with schematic on right. Arrows and
black dots are as in (A). While the lateral inhibition function of Neur is largely rescued (cf. Figure 1C), most clusters are symmetrical, indicating that
asymmetric upregulation is instructive for correct R3/R4 specification.and chirality is observed (Table S1), suggesting that Dl
and Neur need to cooperate in R4 induction.
Discussion
PCP establishment in the eye depends on the specifica-
tion of photoreceptors R3 and R4 in two steps. First, Fz
signaling occurs at higher levels in R3, and second, as
a consequence, Dl signaling is directed from R3 to the
R4 precursor, where N specifies R4 fate (Cooper and
Bray, 1999; Fanto and Mlodzik, 1999; Tomlinson andStruhl, 1999; Zheng et al., 1995). Here, we have shown
that neur is required for proper Dl-N signaling direction-
ality in the R3/R4 pair. In the absence of neur, defects oc-
cur in R3/R4 cell-fate specification and PCP. Importantly,
neur expression is upregulated in R3 in a Fz/PCP-depen-
dent manner. Finally, we show that the asymmetry in
neur expression is required for PCP specification.
Neur Is Required in R3 for Dl Signaling
Neur is an E3-ubiquitin ligase known to enhance Dl sig-
naling in a variety of Dl-N mediated processes, including
Neuralized and Fz/PCP Signaling
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pIIb to pIIa specification in sensory organ development)
(Lai, 2004; Lai and Rubin, 2001a; Le Borgne et al., 2005a;
Le Borgne and Schweisguth, 2003).
We show that neur is required for lateral specification
in R3 for Dl to signal to R4. Analysis of R3/R4 Dl mosaics
revealed that the Dl mutant cell always acquires R4 fate,
while the wt cell acquires R3 fate (Fanto and Mlodzik,
1999; Tomlinson and Struhl, 1999). This is consistent
with our neur analysis showing that in 94.2% of the
cases, ommatidia mutant only in R3 showed a PCP
defect (Table 1), indicating that neur is required only in
R3, the signal-sending cell.
There is, nevertheless, a difference between the PCP
phenotypes of Dl and neur mosaic ommatidia: Dl mo-
saics show reversed polarity (chirality flips) when R3 is
mutant, while the equivalent neurIF65 mosaics show
mostly a symmetric phenotype (89.5% of ommatidia
displaying chirality defects). It is likely that the cold-
sensitive neurIF65 allele is not null and it is not clear if
remaining Dl activity is present in the absence of Neur,
accounting for the difference (Lai et al., 2001; Pavlopou-
los et al., 2001).
Mib1, another E3-ubiquitin ligase-regulating signaling
by Dl and Serrate (Ser, the other N ligand in flies), has no
effect on PCP specification (see Figure S1 for details).
Our results are in agreement with data showing that
Neur and Mib1 have complementary functions (Lai
et al., 2005; Le Borgne et al., 2005b; Pitsouli and Delida-
kis, 2005; Wang and Struhl, 2005). Taken together, our
data indicate that neur but not mib1 is required for
R3/R4 specification.
An Instructive Role for neur in Eye PCP Specification
Previous studies suggested that neur has a permissive
role in Dl-N signaling. In lateral inhibition processes,
neur is expressed in proneural clusters (Lai and Rubin,
2001a; Seugnet et al., 1997), whereas in asymmetric
cell division, Neur is selectively inherited by one of the
daughter cells (Le Borgne and Schweisguth, 2003). In ei-
ther case, Neur makes the cell in which it is expressed
competent for Dl signaling. In the eye, Dl is enriched in
R3 as a result of Fz signaling (Fanto and Mlodzik,
1999; Weber et al., 2000), and here we provide evidence
that Neur is enriched in R3 and that this enrichment is
also regulated by Fz/PCP signaling. While neur is initially
expressed in both cells, our data indicate that Fz/PCP-
dependent R3 upregulation of neur (Figures 2G and
2H) is necessary and sufficient for Dl signaling direction-
ality. As Neur affects Dl activity posttranslationally (Lai
et al., 2001), Dl is still upregulated in R3 when Neur is
misexpressed. This implies that the elimination of the
difference in Neur levels between the R3/R4 precursors
affects the direction of Dl-N signaling. These data indi-
cate that the Neur expression asymmetry, mediated by
Fz/PCP signaling, is instructive for R3/R4 specification.
The phenotypes resulting from Neur misexpression
are relatively mild. Only when both Dl and Neur are coex-
pressed, chirality defects are induced, suggesting that
differential expression of both factors in the R3/R4 cell
pair is instructive for cell fate. Furthermore, other factors
could also be present in R3/R4 precursors to ensure ro-
bustness of the cell-fate decision. These observationssuggest a complex network of molecular interactions
between Fz/PCP and Notch signaling.
Experimental Procedures
Drosophila Stocks
Flies were grown at 25C unless otherwise stated. The following mu-
tant stocks were used: neuIF65, neuA101, mib1EY09780, fzP21, dshV26,
stbm6, and pk13 (see Flybase for references and details).
Ectopic expression experiments were performed by using the
GAL4/UAS system (Brand and Perrimon, 1993) except for Fz and
Nact overexpression experiments where direct sev-fz or sev-NDecd
transgenes were used (Basler et al., 1989; Boutros et al., 1998; Fanto
and Mlodzik, 1999) (the sev enhancer drives high-level expression in
both R3 and R4 during PCP establishment). The following transgenic
lines were used: md0.5GAL4 (Gaengel and Mlodzik, 2003), md0.5-Z
(Cooper and Bray, 1999), eyGAL4 (Bonini et al., 1997), svpGAL4
(GETDB, http://flymap.lab.nig.ac.jp/wdclust/getdb.html), neurGAL4
(Reddy et al., 1999), sevGAL4 (Brand and Perrimon, 1993), UAS-
neur (Lai and Rubin, 2001a), UAS-mib1RNAi (Wang and Struhl,
2005), and UAS-GFP (Bloomington Stock Center, http://fly.bio.
indiana.edu/).
Clonal Analysis
The following genotypes were used for loss-of-function clonal anal-
yses. Heat shock, when necessary, consisted of 60 min at 38C
during first-second instar larval stages and subsequent transfer to
the appropriate temperature: y w eyFLP/w; FRT82 neurIF65 (or
neurA101)/FRT82 P[w+], y w eyFLP/w; md0.5GAL4 UAS-GFP/+;
FRT82 neurIF65/FRT82 arm-Z, y w hsp70-FLP/w; mib1EY09780
FRT2A/2xUbi-GFP FRT2A, w dshV26 FRT19/y w arm-Z FRT19; Ubx-
FLP/+; neurGAL4 UAS-GFP/+, y w eyFLP/w; FRT42D Stbm6 Pk13/
FRT42D arm-Z; neurGAL4 UAS-GFP/+, y w eyFLP/w; act5C>y+>GAL4,
and UAS-GFP/UAS-Neur; FRT82 neurIF65 UAS-wRNAi/FRT82 P[w+].
Genotypes used for ectopic expression clonal analyses: y w
hsp70-FLP/w; act5C>y+>GAL4, UAS-GFP/+; UAS-wRNAi/UAS-
mib1RNAi, y w hsp70-FLP/w; act5C>y+>GAL4, UAS-GFP/UAS-neur;
UAS-wRNAi (or md0.5-Z)/+, and y w ey-FLP; sev-Fz FRT40/arm-
lacZ FRT 40; neurGal4, UAS-GFP/+.
First-second instar larvae were heat shocked for 8–10 min at 37C
and then transferred to 29C. UAS-wRNAi reduces pigmentation in
GAL4-expressing eye cells through RNA interference (Kalidas and
Smith, 2002) (clonal marker in the adult eye).
Immunofluorescence and Histology
Imaginal discs were dissected and stained as described (Fanto
et al., 2000). Primary antibodies were: mouse a-elav, rat a-elav,
mouse a-Fmi, rat a-E-cadh (from DSHB, http://www.uiowa.
edu/wdshbwww/), rabbita-Neur (gift of E. Lai) (Lai et al., 2001), rabbit
a-bGal (Cappel, Promega), and mouse a-Boss (Van Vactor et al.,
1991). Secondary antibodies were from Jackson Labs. Imaginal
discs were analyzed with a Zeiss LSM510 Meta Confocal micro-
scope. Single optical sections are shown unless otherwise stated.
Adult eyes were sectioned at the equatorial region (Jenny et al.,
2005). At least three independent eyes were analyzed per genotype.
Statistic analyses were done by Fisher’s exact test (two tail). All
images are oriented dorsal up, anterior left.
Supplemental Data
Supplemental Data include the analysis of Mindbomb, a functionally
related E3-ligase to Neur, and additional clonal analyses showing
that Fz/PCP signaling affects asymmetric Neur expression and are
available at http://www.developmentalcell.com/cgi/content/full/
11/6/887/DC1/.
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